The quantitative determination of wear metals in used lubricating oil is an important application for engine and turbine diagnostic purposes, allowing preventive maintenance (oil changes, equipment overhauls and replacement of components) to be made before the collapse of equipment. 1 The wearing of metals causes solid metal debris of different sizes, metal oxides and metallorganic species, from mechanical wear, oxidative corrosion and chemical corrosion, respectivery.
Alternatively, a few ICP-MS methodologies for lubricating oils have been reported. Although these methodologies enabled good sensitivities, ICP-MS has a relatively more complex instrumentation and is thus prone to present problems when samples with a relatively high organic load are introduced, when compared to ICPOES. Because of this later limitation, methodologies for lubricating oil samples use either sample vaporization on a electrothermal device 3 or sample emulsification using very diluted surfactant emulsions (1% of oil). 13 In both cases, analyte oil standards have been employed for the calibration procedures.
In general, in order to use a spectrometric technique for analysis, it is necessary to submit samples to some kind of treatment in order to make them compatible to the sample introduction systems and atomizers. The choice of such a preparation procedure is critical for the success of the analytical methodology, and several factors must be considered, such as the cost, preparation time and labor, potential for sample contamination and dilution factor. In the case of atomic emission spectrometry with an ICP source, the sample treatment aim is to reduce the organic load of the sample introduced into the plasma, because it affects its stability, reduces the energy available to analyte ionization and excitation and increases the background emission.
14 Those factors are intimately related to the sensitivity of the ICPOES method and to the good correlation between signals from the samples and standards, which enables calibration procedures that lead to good accuracy and precision.
Although recent advances have been made in sampleintroduction procedures (electrothermal vaporization, slurries and laser ablation), the introduction of sample in the form of solutions is still the most used approach for ICPOES. An aerosol composed of small droplets is guaranteed by using an efficient nebulization system (nebulizer/spray chamber). The traditional way to introduce oil samples into the ICP is diluting it directly in an organic solvent (kerosene, MIBK, xylene, etc.). [15] [16] [17] [18] [19] This procedure does not minimize the problems associated with the high organic load, and necessarily requires the use of expensive and unstable analyte metallorganic standards for calibration. Alternatively, the acid decomposition of oil samples in microwave systems minimizes the organic load of samples, and allows the use of aqueous inorganic standards for calibration. 20, 21 However, this procedure is labor intensive, thus implicating a low sample throughput. The emulsification of oil samples is an attractive procedure because of its simplicity. This procedure demands minimum sample manipulation with a reduction of the sample viscosity and the organic load, thus enabling easy sample introduction and minimizing matrix interferences and background.
Emulsions are formed by oil microdroplets homogeneously dispersed in the aqueous phase. This fact, associated with acidification of the emulsion with strong inorganic acids allows the use of inorganic aqueous standards for calibration. It has been demonstrated that the use of acidified emulsions enables a direct correlation between the signal of the analyte in the oil samples and the signal of analyte aqueous inorganic standards for ET AAS. 7, 8 Acidification of the emulsion is used to convert metallic solid particles as well as metallorganic or oxide analyte species into dissolved inorganic analyte species. Such conversion also improves the stability of the analytes in the sample, while minimizing the possibility of precipitation or adsorption of analyte species onto the storage walls. The introduction of oil samples as emulsions has been used for the analysis of oil samples using ICPOES 22, 23 and ICP-MS. 13, 24, 25 Surprisingly, for such methodologies, metallorganic standards have systematically been used for calibration. One exception is the work of Murillo and Chirinos when determining sulfur, vanadium and nickel in residual fuel oil. 22 In this work, a methodology for the determination of Ni, Mo, Cr, V and Ti in used lubricating oil samples by ICPOES was developed. In order to introduce samples, a detergent emulsion was selected. The optimization of the experimental and instrumental parameters allowed the use of inorganic aqueous standards for calibration. The method was validated using certified reference materials and compared with traditional ICPOES methodologies for oil samples.
Experimental

Instrumentation
The inductively coupled plasma optical emission spectrometer employed for this study was a Perkin Elmer Model Plasma P1000 (Perkin-Elmer, Norwalk, CT, USA) equipped with an Ebert-type monochromator with a holographic grating (2400 grooves mm -1 ) and an Rf generator of 27. An ultrasonic bath USB 124 (São Paulo, Brazil) was used during preparation of the emulsion, while a microwave digestion system (Provecta Analítica, São Paulo, Brazil) with Teflon bombs (working pressure of 120 atm) was applied for acid decomposition of the samples.
Reagents and solutions
All reagents employed were of analytical grade. Deionized water (18.2 MΩ cm) from a Milli-Q system (Bedford, MA, USA) was used to prepare all aqueous solutions. Nitric acid (Carlo Erba, Milan, Italy) was further purified by sub-boiling distillation in a quartz still. A non-ionic surfactant (Triton X-100) was from Merck (Darmstadt, Germany). Analyte standard solutions were prepared from a 1000 mg L -1 stock solution from Merck, Brazil (Cr, Ni, Ti and Mo) and from Riedel der Haen, Germany (V). A multielemental metalloorganic standard (Conostan 21, Conoco, Ponca City, OK, USA) with an analyte concentration of 900 µg g -1 was used in the direct dilution procedure. Concentrated nitric acid used for an oil sample treatment and xylene used as a co-solvent were from Merck, Brazil.
Kerosene was obtained from CENPES, Petrobrás, Brazil. Hydrogen peroxide 35% used in the acid decomposition procedure was from Riedel der Haen, Germany. Lubricant oil standard reference materials (wear metals in oil SRM 1084a, 1085a and 1085b) were from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). Base oil used to dilute the standards and to prepare blank solutions was also from NIST (SRM 1083).
Procedures Sample emulsification procedure.
Oil-in-water detergent emulsions were prepared using a specific sequence in order to guarantee their homogeneity and stability as follow: Aliquots between 0.04 (1%) and 0.2 g (5%) of lubricant oil (samples) (SRM 1084a, 1085a and 1085b) or base oil (blanks) were placed in 10 mL volumetric flasks. A 0.5 mL volume of concentrated nitric acid was then introduced and the mixture was placed in an ultrasonic bath for 5 min. Volumes (0.5 mL) of xylene were introduced to reduce the viscosity of the oil and to facilitate the interaction between oil and the non-ionic surfactant which was added next. The optimized volume of Triton X-100 was added into the volumetric flasks, and then the mixtures were slowly shaken in order to mix the components. The samples were spiked with appropriate volumes of an Sc internal standard solution, and then Milli-Q water was added under continuous agitation until a final mass of 10.0 g was attained. The flask was vigorously shaken for 2 min and then placed for 5 min in an ultrasonic bath. All preliminary studies were made using emulsions of base oil (SRM 1083) spiked with inorganic aqueous standards of the analytes of interest. Sample acid decomposition. The digestion of the oil samples was performed in a microwave digestion unit. Amounts of 0.2 g of oil sample were placed in previously cleansed Teflon cups. Volumes of 3 mL of concentrated nitric acid were added to each bomb. The cups were sealed and subjected twice to a three-step digestion program: 5 min at 300 W, 1 min at 0 W and 5 min at 600 W. After the solution has cooled down (30 min), 2 mL of H2O2 were added to the vessel. Then, the solution was submitted three times to the program mentioned above. The digested contents were quantitatively transferred to 10 mL volumetric flasks and diluted with deionized water. Nitric acid submitted to the same digestion procedure was used as blanks. Direct sample dilution procedure. Amounts of 0.5 g of oil sample or base oil (blank) were placed into 10 mL volumetric flasks and dissolved with kerosene. For calibration, standards were prepared with 0.5 g of base oil and appropriate amounts of metallorganic Conostan multielemental standard.
Results and Discussion
Emulsion composition
In order to choose the composition of the emulsion, its stability and homogeneity must be considered as well as the compatibility of such emulsions with the plasma, which is directly related to analyte signal magnitude and correlation with standards, that allow the use of a simple calibration-curve method. The stability and homogeneity of the emulsions were evaluated visually, and timed from the initial shaking until the sudden phase separation of the emulsion components. Detergent emulsions utilize surfactants to stabilize the oil microdroplets into the aqueous medium. 26 Ionic surfactants, especially anionic ones, introduce large amounts of ions into the solution which may affect plasma conditions, and usually require a basic medium to form emulsions, which is not suitable for trace-element determinations.
Among the non-ionic surfactants, Triton X-100 has a hidrophilic-lipophilic balance in the appropriate range for a stable oil-in-water emulsion. 13 In addition, it is readily available in most laboratories. A systematic study to find the best composition of the emulsion was performed. A previous addition of concentrated nitric acid in the sample was employed in order to dissolve metallic particles and to decompose metallorganic species. The volume of nitric acid was limited to 0.5 mL in order not to affect the magnitude of the analyte emission signals. The volume of xylene (0.5 mL), used to reduce the viscosity of the oil, was also fixed. For detergent emulsions, a stability of 40 min was achieved with mixtures containing between 6 and 10% (in mass) of surfactant Triton X-100. The emulsion was readily reconstituted after manual shaking. For emulsions containing 4 or 5% of surfactant were 7 and 17 min, respectively. Triton X-100 concentrations below 4% did not allow the emulsification of samples. Comparable results in terms of the stability and homogeneity were observed for emulsions containing between 1 and 5%, in mass, of oil. Higher amounts of oil could not be stabilized, even with the use of higher amounts of surfactant. For further experiments, the emulsion containing the minimum value of the surfactant (6%) and the maximum amount of sample (5% of oil) was chosen.
Instrumental and experimental parameters and analyte signal magnitude
The instrumental conditions were optimized to guarantee the maximum analyte signal from the sample, and to enable proper correlation with analyte standards. Complex matrices in general require special conditions to obtain plasma stability and a high analyte signal intensity, since organic components absorb the plasma energy and thus reducing the energy available for analyte excitation.
14 Higher forward power and optimized gas flows are necessary to allow proper conditions for sample introduction, desolvation, atomization and excitation along the plasma axial channel. In addition, the correct choice of the nebulizer system (nebulizer/spray chamber) may efficiently provide the formation of a fine and uniform aerosol, even for samples with physical properties (viscosity, density and superficial tension) different from those of aqueous solutions. It was observed that a mixture of oxygen in the plasma gas flow as well as in the carrier gas flow improved the analytical performance, since it helped the oxidation of carbon species, thus decreasing background emission and carbon build-up on the injector tip. The optimized conditions for the analysis of detergent oil emulsions are summarized in Table 1 .
The performances of three different introduction systems for these emulsions were compared. Analyte signal intensities of equivalent magnitude were obtained using the Meinhard nebulizer/cyclonic spray chamber and the micromist nebulizer/cyclonic spray chamber systems, while the CrossFlow nebulizer/Scott-Fassel spray chamber system produced analyte signals significantly less intense (between 38 and 72% depending on the element). Although the use of acidic emulsions may dissolve metal particles in the sample, minimizing, in theory, clogging of the micromist nebulizer, in practice, this problem was still persistent, excluding its use. The Meinhard nebulizer/cyclonic spray chamber system was then selected. This selected nebulization system enabled good correlation between the signals from the emulsified base oil samples spiked with the analytes and analyte spiked Triton X-100 aqueous solutions (for all five elements). This result indicates that Triton X-100 can be employed for calibration under optimized experimental conditions. For the micromist nebulizer/cyclonic spray chamber, such a correlation was observed for only three of the elements (Mo, Ni and Ti) while using the Cross-Flow nebulizer/Scott-Fassel spray chamber system; good correlation was achieved only for Cr and Ti.
The signal correlation between the base oil emulsions and the Triton X-100 aqueous solutions can be evaluated by comparing the slopes of the calibration curves ( Fig. 1 and Table 2 ). It can be observed that appropriate calibration curves for the analysis of lubricant oil samples can be obtained using Triton X-100 aqueous solutions.
Analytical figures of merit and analysis of reference materials
Calibration curves were established using Triton X-100 solutions containing increasing concentrations of the analytes, from which analytical figures of merit were estimated (Table 3) . For a comparison, the figures of merit based on curves made with aqueous solutions and kerosene solutions, which are employed, respectively, for sample acid decomposition and sample direct dilution based methodologies, are also shown. The limit of detection, LD, (3Sb/m where Sb is the standard deviation of 10 blank measurements and m is the sensitivity of the calibration curve) and the limit of quantification, LQ, (10Sb/m) are, in general, better for the acid-decomposition procedure. However, because of the different dilution factors (dilution factor 2.5-times lower for the emulsification procedure), equivalent LD and LQ are obtained for the aciddecomposition procedure and for the emulsification. For the direct diluting procedure using kerosene, the limits of detection are significantly higher than that for the emulsification procedure, except for Cr and Ti, where equivalent results are obtained. This is mainly due to the increased background signal (higher blank equivalent concentration, BEC) caused by the contribution of organic matter on continuum emission. The dilution factors of the direct dilution procedure and the emulsification procedure are the same. Three different certified lubricating oil samples were analyzed using the emulsification procedure. For comparison effects, the analysis was performed using calibration curves containing inorganic analyte standards prepared in Triton X-100 solutions as well as in emulsions of base oil (SRM 1083). Both calibration approaches enabled good results to be obtained (Table 4) . Good accuracy (within the 95% confidence limit, n = 4) was achieved for Ni, Mo, V and Ti in all samples. For Cr, the recoveries for two of the samples were below the expected values (about 90%), outside the adopted confidence criteria. Such a behavior for Cr in oil samples has been reported in other papers. 1, 18 The use of other acids or mixtures of acids (HCl, HCl/HNO3) to acidify the emulsions did not improve these recoveries.
Certified lubricating oil samples were also analyzed using the acid-decomposition procedure as well as using the procedure of direct dilution in kerosene. The results are shown in Table 5 . As observed for the emulsification procedure, the acid decomposition procedure allowed good results for practically all elements. For Cr, the recoveries were around 94% which was satisfactory based on the adopted confidence criteria. The analysis of samples using the direct dilution procedure resulted in several non-satisfactory recoveries, although most of these recoveries (n = 4; 95%) lied within the 90 -110% range.
Conclusion
In the present work, a simple analytical methodology for the determination of Ni, Mo, Cr, V and Ti in used lubricating oil by ICPOES was developed.
Samples were prepared and introduced as detergent emulsions. The instrumental and experimental parameters were optimized to enable the sensitive, accurate and precise determination of these refractory metals in oil samples, using calibration curves prepared in Triton X-100 aqueous solutions employing analyte inorganic standards and Sc as an internal standard.
By comparing the proposed methodology with the traditional ones, several practical advantages over the acid sample decomposition procedure and superior analytical performance over direct sample dilution using organic solvent procedure were found. Using the optimized composition of Ar and O2 in the nebulizer and carrier flows guaranteed low background emission and continuous aspiration of samples without plasma extinction and the buildup of carbon deposits on the injector tip.
The limits of detection and quantification in the ng g -1 range were achieved for all five refractory elements.
The methodology was validated with lubricating oil standard reference materials (SRM 1084a, 1085a and 1085b) with excellent results (95%; n = 4) for Ni, Mo, V and Ti. For Cr, recoveries in the range of 90% were achieved, These results were similar to those obtained with acid decomposed samples, and can still be considered appropriated for this type of analytical problem. Table 4 Recovery experiments using calibration curves prepared with 6% wt/wt aqueous solutions of Triton X-100 and 5% base oil (SRM 1083) emulsion Sc (1 µg g -1
) was used as an internal standard. a. Recovery values in bold captions are outside the confidence limit adopted (95%; n = 4). a. Recovery values in bold captions are outside the confidence limit adopted (95%; n = 4).
